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Summary
Photodynamic therapy (PDT), a promising therapeutic modality for the management of solid tumors, is a two-phase treatment consisting of a photosensitizer and visible light.
Increasing evidence indicates that tumor cells in regions exposed to sublethal doses of PDT can respond by rescue responses that lead to insufficient cell death. We decided to examine the role of superoxide dismutases (SODs) in the effectiveness of PDT and to investigate whether 2-methoxyestradiol (2-MeOE 2 ), an inhibitor of SODs, is capable of potentiating the antitumor effects of this treatment regimen. In the initial experiment we observed that PDT induced the expression of MnSOD but not Cu,Zn-SOD in cancer cells. Pretreatment of cancer cells with a cell-permeable SOD mimetic -MnTBAP and transient transfection with MnSOD gene resulted in a decreased effectiveness of PDT.
Introduction
Photodynamic therapy (PDT) is an effective treatment modality that has been approved for the palliation or treatment of esophageal, lung and bladder cancers in at least 10 countries (1). Moreover, numerous clinical trials investigate the effectiveness of PDT in the treatment of gastric, colon, bile duct, pancreatic, breast and other cancers (2) (3) (4) (5) (6) (7) (8) (9) . The treatment consists of a systemic administration of a photosensitizer followed by an illumination with a laser light. Neither of the PDT components alone can induce antitumor effects but when combined with oxygen they produce lethal cytotoxic agents that can either directly kill tumor cells or destroy blood vessels within the tumor (1 (10) . Increasing evidence indicates that tumor cells can respond to photodynamic damage by either initiating a rescue response or by undergoing cell death by apoptosis or necrosis (11) . Rescue response to sublethal changes allows tumor cells to cope with the damage induced by the physicochemical stress. This effect is particularly important in deeper layers of the tumor exposed to laser illumination.
Since the light penetration is limited by the absorption, scattering and reflection characteristics of the tissues the effective dose of energy reaching the deeper layers of the tumor might cause insufficient damage allowing the initiation of the rescue response (12) . The surviving cells might be the cause of relapse rendering the treatment less effective. Therefore, elucidation of molecular changes in the treated cells as well as identification of drugs that might interfere with rescue responses becomes an important area of investigation.
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Although singlet oxygen has been demonstrated to play a dominant role in the cytotoxic effects invoked by the photodynamic therapy (13) Interaction analysis. For the examination of the interactions between PDT and 2-MeOE 2 , an isobologram analysis was used as described in details elsewhere (26).
Briefly, inhibition of cell proliferation was determined as described in the above section.
For the analysis of the interactions the equi-effective doses were used. These were the doses of either treatment alone or used in the combination that produced equivalent inhibition of cell growth in comparison with controls (P < 0.005; Student's t-test).
Combinations of the treatments had to induce growth inhibition higher than those of the same doses used alone (P < 0.001; Student's t-test). The interaction index for two treatment combinations was computed according to the following formula: interaction index = (P c /P a ) + (M c /M a ), where P a and M a are doses of PDT and 2-MeOE 2 , respectively, that produce specified effect when used alone; P c and M c are doses of PDT and 2-MeOE 2 , respectively, that produce the same effect when used in combination. Synergy is claimed when the interaction index is < 1.0. (87 mg/kg) and xylazine (13 mg/kg) and restrained in a specially designed holder. Local tumor growth was determined as described (27) by the formula:
Tumor volume (mm 3 ) = (longer diameter) × (shorter diameter) and survival time of animals was analyzed for significance by log-rank survival analysis.
Significance was defined as a two-sided P<0.05.
RESULTS
Photodynamic therapy induces the expression of MnSOD
It has previously been demonstrated using Northern blotting that PDT induces the expression of SOD gene (28) . However, it was not investigated whether increased RNA levels correlate with the expression of SOD at the protein level. Therefore, we have initially investigated whether and to what extent PDT influences the level of Cu,Zn-SOD and MnSOD proteins using Western blotting. C-26 cells were exposed to 2.5 µg/mL Photofrin ® and after 24 hours of incubation with the photosensitizer were washed with PBS and illuminated with a sublethal light dose of 4.5 kJ/m 2 . Although, there was no influence of PDT on the expression of Cu,Zn-SOD we have observed a time-dependent increase in the level of MnSOD (Fig. 1A) . Immunocytochemical staining of tumor cells exposed to PDT revealed that MnSOD expression was detectable in surviving but not in lethally damaged cells (Fig. 1B1 and 1B2 ).
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The influence of MnSOD overexpression on the antitumor effects of PDT
To determine the role of SOD in the antitumor effectiveness of PDT, C-26 and T24 cells were preincubated with MnTBAP, a cell permeable SOD mimetic, and then exposed to laser illumination. Remarkably, the antitumor efficacy of the PDT was significantly reduced ( Fig. 2A and 2B ). Since these studies did not reveal which of the SOD isoforms might be responsible for the protective effects, T24 cells have been transiently transfected with Cu,Zn-SOD, MnSOD or an empty control (pcDNA3) vector. Exposure of pcDNA3-or Cu,Zn-SOD-transfected cells to PDT resulted in a comparable cytotoxicity (Fig. 2C) . However, T24 cells transiently transfected with a MnSOD containing plasmid were significantly less susceptible to the antitumor effects of PDT (Fig. 2C) .
Inhibition of SOD activity by 2-MeOE 2
We have observed that 2-MeoE 2 , but not 2-MeOE 1 , another estrogen metabolite, significantly suppresses the activity of manganese-containing SOD from E. coli (Table   1) . Additional experiments were done to determine the potential suppressive effects of 2-MeOE 2 on the SOD activity in Colon-26 cells. These studies demonstrated that 2-MeOE 2 indeed effectively inhibits in a dose-dependent manner the SOD activity in extracts from Colon-26 cells (Table 2) . Moreover, preincubation of Colon-26 cells with 2-MeOE 2 revealed a time-dependent inhibition of SOD activity in tumor cells (Table 3 ).
These studies confirmed that 2-MeOE 2 can effectively enter the tumor cells and inhibit SOD activity. (Fig. 4) .
Antitumor effects of PDT in combination with 2-MeOE 2 in mice
Next, we decided to evaluate the antitumor activity of the combination treatment in vivo ) were previously shown to inhibit SOD at the catalytic site (38) , these agents are highly toxic and therefore of limited potential for cancer therapy. Recently, 2-MeOE 2 , an endogenous estrogen metabolite with antitumor activity, was shown to selectively inhibits the activity of superoxide dismutases (22) .
Although this finding was questioned in one study (39) , our observations (Tables 1-3) as well as a recent report (40) confirmed that 2-MeOE 2 can effectively block superoxide dismutase activity. In direct, cell-free inhibition assays 50 µM concentration of 2-MeOE 2 was required to inhibit SOD activity by less that 50% (Tables 1 and 2 ). However, in cell cultures the effective inhibition of SOD was obtained at much lower concentrations and in a time dependent manner (Table 3) . One speculative explanation for this apparent discrepancy might be that intracellular 2-MeOE 2 undergoes a metabolic activation that converts this mediator to a more potent SOD inhibitor. In all investigated cell lines (3 murine and 5 human) there was a significant potentiation of the antitumor effects of PDT (Fig. 3) . Berenbaum analysis of the results revealed that in all instances the cytotoxic effects of the combination treatment are synergistic. These observations prompted the in vivo studies evaluating the antitumor efficacy of the combination treatment. Our studies revealed that 2-MeOE 2 can sensitize tumors in two murine models to more effective PDT (Fig. 5) . The combined treatment led not only to retardation of tumor growth, but also to prolonged survival and in C-26 colon adenocarcinoma bearing mice to complete cures in 60% of animals.
Altogether, these studies indicate that interference with the mechanisms used by tumor cells to resist PDT is a rational approach of potentiating the antitumor effectiveness of this promising treatment modality. Moreover, our studies suggest that treatment regimens designed to selectively enhance free radical generation and suppress anti-oxidant defenses in the tumor cells may form an effective approach in the treatment of cancer although toxic side effects of increased activity of reactive oxygen species should be taken into consideration in such therapeutic modalities. Tables   Table 1. The influence Immediately after illumination the cells were re-fed with fresh MnTBAP (100 µM). 
